Chipless radiofrequency identification (RFID) technology is very promising for sensing, identification, and tracking for future Internet of Things (IoT) systems and applications. In this paper, we propose and demonstrate a compact 18-bit, dual polarized chipless RFID tag. The proposed tag is based on L-shaped resonators designed so as to maximize the spectral and spatial encoding capacities. The proposed RFID tag operates an over 4 GHz frequency band (i.e., 6.5 GHz to 10.5 GHz). The tag is simulated, fabricated, and tested in a nonanechoic milieu. The measured data have shown good agreement with the simulation results, with respect to resonators' frequency positions, null depth, and null bandwidth over the operating spectrum. The proposed design achieves spectral and spatial encoding capacities of 4.5 bits/GHz and 18.8 bits/cm 2 , respectively. This, in turn, gives an encoding density of 4.7 bits/GHz/cm 2 . For code identification, we exploit the frequency content of the backscattered signals and identify similarity/correlation features with reference codes.
Introduction
The huge spread of new smart devices and objects is leading to an exponential growth in the control and management of the worldwide infrastructures. The Internet of Things (IoT) is the focus of a deep global investigation and exploration with the objective of connecting an outsized number of "things"such as smart sensors, tags, and detectors [1] [2] [3] [4] [5] [6] . Indeed, automated sensing, identification, and physical tracking of objects are essential and fundamental for the development of modern electronic society.
These innovative devices and instruments (sensors, tags, detectors, etc.) will be capable of delivering information describing their milieu and sharing it using wireless communications [7] . The next-generation radiofrequency identification (RFID) technology, known as chipless RFID, may offer a very attractive solution in this regard [5] [6] [7] [8] . In fact, the chipless RFID is based on a wireless data-capturing procedure that exploits the RF energy or signature to detect, extract, and read automatically the characteristics of remotely located "things" [9] . Hence, the RFID technology is one of the most advanced and quickly emerging technologies that have the potential to make abundant economic advancement in many industries [10] .
The chipless RFID tag has the potential to replace the barcode because of a number of advantages, comprising the non-line-of-sight reading capability, cost, and data rate [11] . Chipless RFID systems consist of readers and tags. This tag can be well thought-out as a radar target with a particular electromagnetic signature used for coding. The work principles of such tags are based on the retransmission or electromagnetic backscattering. The defies in the design of chipless RFID tags are the requirements to be of low cost and of high capacity [12] [13] [14] . The main challenge in the design of chipless tags is the manageable area density, also called the spatial capacity of stockpiled data (in bits per cm 2 ) [14] . Chipless RFID tags are designed so as to respond to an interrogating wave, which may have vertical, horizontal, circular, or elliptical polarization. Depending on the desired application, a specific polarization can be used. In the literature, the information is encoded using frequency, time, or hybrid frequency-time encoding techniques [15] [16] [17] [18] .
In this study, we consider frequency domain-(FD-) based tags, which have higher data capacity compared to other encoding techniques [19, 20] . The fundamental concept of the frequency coding technique is to control the presence or absence of a resonance at particular frequencies of the spectrum. The presence of particular resonance frequencies appears as notches or nulls in the detected/received tag responses. That is, the existence of a null in the signature is attributed to one (bit = 1) and its absence is attributed to zero (bit = 0). Both the "zero"and "one"digits are considered as elementary bits in the signature. Each resonance is related to a physical scatterer, and the coding capacity is then associated with the number of resonators existing in the tag and in the allowed frequency band [21] . Therefore, the number of codes can be exponentially increased by simply increasing the number of bits.
Chipless FD tags are designed using frequency-selective surfaces (FSS) for encoding and backscattering the interrogating wave. Two different interrogation techniques are often employed at the RFID reader. The first uses a single antenna to interrogate and read the backscattered wave (monstatic system). The second technique, on the other hand, has both an interrogator antenna and a reader antenna (bistatic measurement). This latter technique, which is the focus of our study, has been considered in several publications, including [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Note that the shape of resonators in FSS-based tags mainly governs the spectral encoding capacity. Chipless tags with patch-based resonators of square loop, U, V, C, and I shapes have been designed and demonstrated in the literature [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . A dual-polarization coding method is a practical alternative in the quest for higher data capacities in FD chipless RFID tags. An enhanced encoding capacity can be accomplished by using two orthogonal polarizations for tag interrogation. This technique is used to advance the data content, while it is still encoded in the frequency domain.
This work presents a novel UWB chipless RFID FD tag, which makes use of L-shaped multiresonators for bistatic systems. L-shaped chipless RFID tags have recently been considered but for monstatic systems [35] . It is relevant at this point to mention that for monstatic systems, an infinite array of identical tags is first designed and then truncated to a typically 3 × 3-unit array [6, 19] , which inevitably increases the size of the end-product tag. On the other hand, designing a tag for bistatic systems is based on the concept of plane wave excitation. This design method ends up with a single unit tag of much reduced size as compared to the truncated array intended for monstatic systems. Another advantage of using bistatic systems is that they generally deliver better performance in terms of sensitivity and dynamic range than monostatic systems do. This is intuitively not surprising because two dedicated antennas are used in such systems to send and receive signals, while only one antenna is used for signal transmission and reception in monostatic systems [6] .
The proposed L-shaped resonators have attractive advantages in that they can generate horizontally and vertically polarized signals. Moreover, resonators' lengths can be varied in the horizontal and vertical directions to have independent spectral signatures in both polarizations. The proposed circuit is designed and optimized using the CST simulation program. A set of 1024 different codes is simulated, and their frequency domain responses are recorded under both horizontal and vertical polarizations. These codes are distinct, as will be demonstrated by computing the similarities among FD spectral signatures using signal processing-based correlation methods. The proposed encoding/identification method is validated experimentally by fabricating two RFID tags operating over the proposed spectrum. The experimental characterization of the proposed system is done in an nonanechoic chamber using the vector network analyzer (VNA) acting as an RFID transceiver. The fabricated circuits have shown excellent performance having 18 bits presented by deep nulls ranging from 9 to 14.5 dB over the considered spectrum and encoding density (D) of 4.7 bits/GHz/cm 2 . According to the authors' knowledge, this is the highest encoding density achieved so far for chipless RFID tags characterised using bistatic type of measurements.
Proposed Chipless Tag
The main goal of this work is to increase the number of bits of a chipless tag while minimizing its size for a particular frequency range. The main methodology relies on coding the data in order to get a dissimilarity between vertically and horizontally polarized responses of a chipless tag. The selectivity of the frequency-domain response is realized via a periodic structure. The proposed layout is optimized to increase the density along with the performance of the chipless RFID tag. The proposed design is depicted in Figure 1 , which consists of a stack of 10 L-shaped resonators. The critical design parameters
V , and Δ H are, respectively, the ground length and width, the length of the ith resonator in the vertical and horizontal directions (i = 1, 2, , N), the slot width, and the vertical and horizontal spacings. This periodic 10 L-shaped structure is optimized to get deep resonant notches at desired frequencies. We initialize the design process with optimizing two resonators and then reoptimizing after the addition of a new resonator till we develop the whole structure. The two first resonators originate the first resonance frequency or null (lowest and closest to 6.5 GHz) in the operating frequencies (from 6.5 to 10.5 GHz). This null represents the lowest significant bit of the code. Essentially, in the proposed design, the length of the jth horizontal/vertical patch decreases as the value of i increases (i = 1, 2, , N), according to the L-shaped structure. This inherently leads to the creation of N − 1 nulls or code of (N − 1 bits). The simulation is 2
International Journal of Antennas and Propagation made using full-wave simulation based on the wave plane excitation of CST Microwave Studio (MWS). The proposed chipless tag is fabricated on a single-layer dielectric substrate. The dielectric substrate is low-loss Rogers Duroid RT5880 having a loss tangent of tan δ = 0 002, a dielectric constant of ϵ r = 2 2, and a thickness of h = 0 56 mm. We have used copper as a metal with a thickness t = 0.018 mm. Different frequency signatures are generated by performing different optimizations of the parameters of L-shaped resonators. We suggest the following key steps for optimizing the backscattered chipless L-shaped RFID tag:
(1) The design process is initiated as follows. We firstly determine the maximum length of the resonator in the vertical and horizontal directions L V 1 and L H 1 , which would obviously limit the maximum length that can be considered for all other elements. In order to determine this length, we use (1) and (2):
where f H 1 and f V 1 are the horizontal and vertical resonant frequencies, respectively. The parameters c and ϵ r represent the speed of light and the relative permittivity of the substrate, respectively. Different frequency signatures are generated using different lengths of L-shaped resonators. We notice that the effective horizontal and vertical lengths are reduced through the introduction of an additional resonator.
(2) We optimize the structure to get a higher number of range deep notches, presenting different resonant frequencies, with a narrow bandwidth within a limited tag size and for a particular frequency band. We note that increasing the encoding density is essentially based on increasing the number of bits and reducing the tag size, simultaneously, for a fixed frequency band. In order to double the encoding capacity, the L-shaped resonator-based structure is optimized to get different spectral signatures in both horizontal and vertical polarizations. Therefore, a small shift (at least 50 MHz), between the resonance horizontal and vertical frequencies, is introduced in the frequency band under investigation (6.5 to 10.5 GHz).
(3) The optimization process for the remaining geometric parameters is simplified by setting all resonators to have the same slot width, W, with equal slot spacings. That is, there would be only two parameters to optimize with respect to slot spacings, Δ V and Δ H . The different codes can be generated based on the all-one structure presented in Figure 1(a) by simply changing the lengths of two adjacent resonators. In fact, increasing the length of the shorter resonator or decreasing the length of the longer one, by an amount equal to the slot spacing, will remove the 
Simulation Results
In Figure 2(a) , we present the variation of the simulated backscattered response versus frequency from 6.5 to 10.5 GHz, under vertical (red) and horizontal (black) polarization excitations, for the nine-bit all-one tag. Ideally, for high density and capacity, the signatures under different polarizations should have the minimum possible frequency shift between corresponding nulls. Reducing the frequency shift allows the maximization of number of bits over a predefined spectrum.
By virtue of Figure 2 (a), the simulated null depths are varying from 9 dB to 14.5 dB. Moreover, the null separation between different bits varies from 0.288 GHz up to 0.603 GHz. This shift increases as bit significance increases. We notice that the null bandwidth increases with the increase in frequency. Furthermore, the null depth varies and reaches 14.15 dB for the third null. The variations in the null depth, resonant frequency, and frequency spacing are due to the periodicity of the FSS structure, which are controlled by the vertical and horizontal spacings, Δ V and Δ H , respectively. Figure 2(b) , on the other hand, shows the spectral responses/signatures designed for the 010101010 code. This tag has 10 resonators, and their respective responses present nulls generated by increasing or decreasing the slot horizontal length by Δ H and the vertical length by Δ V so as to eliminate or create a resonance at a lower or a higher frequency.
For comparison purposes, Table 1 reports the spectral and spatial capacities, the coding density, and read and frequency ranges of the proposed tag in contrast to other tags available in literature also designed for bistatic systems [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . It is clear from the table that our proposed design outperforms the previously reported results, in terms of space and frequency band efficiencies.
Experimental Results
The proposed designs for different codes have been fabricated and measured using two linearly polarized UWB horn antennas operating from 2 to 18 GHz and having gain values from 10 dBi to 12 dBi. The two antennas are spaced by a 15 cm distance to ensure a perfect isolation. These UWB antennas are employed to examine the tag with horizontal and vertical polarizations. The schematic diagram for the experimental setup is given in Figure 3 .
The measurements have been conducted in a nonanechoic environment, where the tag was placed at a 25 cm distance from the antennas. Figure 4(a) shows the measured responses of the two fabricated codes of the L-shaped chipless RFID tag under vertical and horizontal polarization excitations. The resonator's notch depth variation is observed from 6.2 dB to 12.8 dB and from 7.5 dB to 15.1 dB for horizontal and vertical polarizations, respectively.
The null bandwidth is smaller than 320 MHz for all bits. Referring to Figures 2 and 4 , a quite reasonable agreement is observed between the measured and simulated results except for a small shift in frequency, which may be due to fabrication tolerance. Figure 5 presents the measurements of the backscattered signature of code 010101010 as a function of the 5 International Journal of Antennas and Propagation tag-reader distance. A read-range starting from 25 cm up to 80 cm is achieved. Therefore, the maximum read-range is 80 cm for this experimental setup, after which the signal deteriorates.
Code Identification
The proposed backscattering codes have well-defined signatures in the frequency domain. Therefore, we consider the frequency domain for their identification.
Because the spectral nulls pertaining to the horizontal and vertical polarizations of the same code are separated by small frequency shifts (10-90 MHz), it is important that the frequency response of a code is to be preprocessed such as the differences between the responses of horizontal and vertical polarizations become more pronounced. Figure 6 shows the proposed identification system. The frequency response of the backscattered signal is first computed and then passed through a first-order differencing filter whose transfer function is defined in (3) as follows:
This filter is followed by a polarity correlator, the output of which is normalized to obtain the cross-correlation coefficient whose values lie between +1 and −1. Note that smaller values of the cross-correlation coefficient (close to zero) mean corresponding signals are more distinguishable from each other. Let c i (n) and c j (n) denote sequences representing the responses pertaining to the ith and jth codes. The crosscorrelation coefficient, γ ij , between these two responses (sequences) is defined in (4) as follows [36] .
Figures 7 and 8 show output of the horizontal and vertical components of code 111111111 and 010101010, computed after the filter and at the output of the polarity correlator. The output of the filter clearly shows the shifts between the horizontal and vertical components, but may have spikes introduced due to the differencing operation, which is equivalent to the differentiation operation applied to continuous types of signals. These spikes, which appear at nulls' locations, may bias the computation of the correlation coefficient This observation is confirmed by the results of Table 2 , which shows the correlation coefficients pertaining to the horizontal and vertical components of the two codes 111111111 and 010101010. The computations are applied to sequences extracted from codes' responses measured at 25 cm. By virtue of Table 2 , it is obvious that the similarity between different codes is insignificant.
However, the correlation coefficient between the horizontal and vertical components of the same code may go as high as 0.7268. For further analysis, the frequency responses of all 9 bits have been generated by simulation. The number of resulting codes is 1024 (512 codes have horizontal polarization, and another 512 codes have vertical polarization). Figure 9 shows the number of codes whose correlation coefficient is less than T, where T has values between 0.55 and 1. The figure shows the results of two cases: the first is when the correlation coefficient is computed right after the filter, while the second is for the output of the polarity correlator. It is obvious that the polarity correlator is more efficient. Note that among the 1024 codes, there are 175, 984, and 1021 binary codes having correlation coefficients less than or equal to 0.75, 0.85, and 0.90, respectively. In other words, it can be stated that the responses of binary codes can produce distinguishable sequences. Based on the application at hand, it would be possible to generate a reasonable number of binary codes from a 9-bit resonator. The binary codes can be selected so as to maintain the similarity between any two codes below a predefined threshold. In any event, a code is detected by determining the maximum correlation coefficient of this unknown code with all reference codes.
Conclusion
A dual polarized chipless RFID tag operating from 6.5 to 10.5 GHz is presented. L-shaped resonators are introduced to increase the bit-encoding capacity over a unit area. The key performance parameters are optimized with several full-wave simulations to have sharp resonant notches of 14.5 dB with a bandwidth smaller than 320 MHz. The simulation performance shares reasonable agreement with the measured performance. The proposed L-shaped FD tag operates over a 4 GHz bandwidth from 6.5 to 10.5 GHz. Using the proposed structure, it was possible to achieve an encoding density of 4.7 bits/GHz/cm 2 which is, to the best of our knowledge, the largest encoding density of a chipless RFID tag reported so far. The design of the proposed RFID tag can easily be modified to generate new codes, simply by varying the resonator's lengths by an amount equal to the slots' spacing. A signal processing technique based on correlation analysis has been also introduced for the detection of an unknown code. This technique adopts a polarity scheme to process frequency domain responses, which will not only enable higher number of distinguishable codes but also provide a fast method for inexpensive computation.
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